We study the phenomenology of electric dipole moments (EDMs) induced in various scalar leptoquark models. We consider generic leptoquark couplings to quarks and leptons and match to Standard Model effective field theory. After evolving the resulting operators to low energies, we connect to EDM experiments by using up-to-date hadronic, nuclear, and atomic matrix elements. We show that current experimental limits set strong constraints on the possible CP-violating phases in leptoquark models. Depending on the quarks and leptons involved in the interaction, the existing searches for EDMs of leptons, nucleons, atoms, and molecules all play a role in constraining the CP-violating couplings. We discuss the impact of hadronic and nuclear uncertainties as well as the sensitivities that can be achieved with future EDM experiments. Finally, we study the impact of EDM constraints on a specific leptoquark model that can explain the recent B-physics anomalies.
Introduction
Leptoquarks are hypothetical particles that have the distinct property that they can transform quarks into leptons and vice versa. They appear in various extensions of the Standard Model (SM) and recently have become more popular as certain leptoquark models can reduce the tension between SM predictions and experimental data in semileptonic B meson decays (see e.g. Refs. [1, 2] and references therein; for a selection of recent papers discussing scalar leptoquarks see Refs. [3] [4] [5] ). The phenomenology of leptoquarks has been recently reviewed in great detail in Ref. [6] .
One phenomenological aspect of leptoquarks which has been studied in less detail so far is their impact on permanent electric dipole moments (EDMs). Nonzero EDMs of systems with a non-degenerate ground state break parity (P) and time-reversal (T) symmetry and by the CPT theorem also CP symmetry. A nonzero EDM measured in a current or next-generation experiment would be a clear sign for a new source of CP violation, as the only confirmed source of CP violation, the phase in the CKM matrix, predicts EDMs that are orders of magnitudes below current and expected limits [7] [8] [9] . For leptons or paramagnetic systems such a measurement would translate directly into a discovery of New Physics (NP), while in systems like nucleons or diamagnetic atoms the new source could in principle be of SM origin: this is due to the fact that the SM allows for another source of CP violation, dubbed strong CP violation and parametrized in form of the so-called QCDθ term. Current EDM limits constrainθ < 10 −10 . However, if nonzero EDMs are measured in several systems, their pattern can disentangle a small but nonzeroθ term from genuine beyond-the-SM (BSM) CP violation [10] .
The search for EDMs has grown into a rich field with ongoing experiments to measure EDMs of muons, neutrons, various atoms and molecules, and exciting efforts to measure EDMs of protons and light nuclei in electromagnetic storage rings, see e.g. Refs. [11] [12] [13] for recent reviews. In addition, EDMs can be probed by analyzing decay patterns. This has been done for tau leptons in processes such as e + e − → τ + τ − [14] and e + e − → e + e − τ + τ − [15] and is planned for strange and charmed baryons at LHCb [16] .
In this work we investigate EDMs of the above-mentioned systems in scalar leptoquark models, while vector leptoquarks are left to future work. Previous studies of EDMs in the context of leptoquark models [17] [18] [19] [20] [21] [22] [23] , have mainly focused on subsets of leptoquark interactions. Here we collect, rederive, and extend the existing results to constrain all flavor-diagonal CP-violating couplings, including those to the second-and third-generation fermions. We work out in detail how to connect leptoquark models to EDM phenomenology in a modern effective-field-theory (EFT) framework. We discuss the relevance of QCD and electroweak renormalization-group evolution and use up-to-date hadronic, nuclear, and atomic input, including a discussion of the hadronic and nuclear uncertainties.
All together we find that EDM searches set rather strong constraints on possible CP phases in leptoquark models. Since many flavor and collider observables provide only very weak constraints on imaginary parts, EDMs can provide important complementary information. Given the importance of leptoquark models in the context of explanations for the B anomalies it is interesting to study their impact on EDMs, and, in particular, whether such models predict measurable signals in existing or future experiments. The results obtained here should allow to answer such questions in a straightforward manner. As an explicit example, we apply our analysis to a particular model that explains the B anomalies [5] , showing that (future) EDM measurements can provide relevant additional constraints. This paper is organized as follows. In Sect. 2 we list the possible scalar leptoquark representations following Ref. [6] . We identify the two representations that are most interesting from the point of view of EDM phenomenology. In Sect. 3 we match these leptoquark models to CP-odd effective operators in SM-EFT and evolve the operators down to a low-energy scale. We make the connection to EDM measurements in Sect. 4 and discuss the required hadronic, nuclear, and atomic matrix elements. In Sect. 5 we set constraints on the CP-violating phases and discuss the complementarity of different EDM searches by studying scenarios with several nonzero CP-odd operators. In this section we also apply the EFT framework to the leptoquark model in Ref. [5] that was constructed to explain the anomalies seen in B-meson decays, and investigate the impact of the EDM limits. We conclude in Sect. 6.
Classes of scalar leptoquarks
Scalar leptoquarks couple in various ways to SM fields depending on their gauge representations. We follow the notation of Ref. [6] and classify the leptoquarks by their symmetry properties under the SM gauge group. Six possible scalar representations exist, two of which come with a particularly rich EDM phenomenology. In general, the Lagrangian describing leptoquark interactions can be written as
where the terms on the right describe the leptoquark kinetic terms, the interactions with SM fermions, and the scalar sector, respectively. The kinetic term is simply given in terms of the gauge-covariant derivative which depends on the particular representation of the leptoquark,
The Lagrangian for the scalar sector can be divided into a universal and a non-universal piece,
where L S depends on the leptoquark representation. The universal part of L S does not distinguish between the different components in a leptoquark multiplet. This implies that all components obtain the same mass when L S = 0. The interactions with fermions, L Y , cannot be written in a universal way and will be discussed in more detail below. Both the kinetic terms and the universal part of L S are CP-even, so that any CP violation has to come from either L Y or L S . In this work we focus on the former as it gives rise to a rich EDM phenomenology and the couplings to fermions play a role in several explanations of the B-physics anomalies. In particular, we will focus on the leptoquark representations that allow for both left-and right-handed couplings to fermions, as these give significant contributions to CP-violating observables and thereby give rise to the most interesting EDM phenomenology. Leptoquark models without this requirement still contribute to EDMs; however, in that case, the generation of a CP-violating phase necessarily involves a flavor change, which has to be reversed to induce EDMs by an additional non-diagonal weak interaction, rendering these contributions much smaller.
The Lagrangian in Eq.
(1) constitutes a very minimal extension of the SM and, in general, the leptoquark will be accompanied by additional NP degrees of freedom. However, for the scalar leptoquark models the minimal extension is consistent in the sense that Eqs. (1)-(3) provide a renormalizable framework. In contrast, in vector leptoquark models the generation of a mass term similar to the one in Eq. (3) necessitates the introduction of additional new fields. This renders the setup with vector leptoquarks highly model-dependent. We therefore refrain from discussing this class of models in the following.
R 2 and S 1
We start by discussing the interactions of the two scalar leptoquark representations with both left-and right-handed couplings. The first scalar leptoquark of this class falls into the (3, 2, 7/6) representation of SU (3) c × SU (2) × U (1) Y . The most general form of the interactions with the SM fermions can be written as
where I, J are SU (2) indices and x RL,LR are 3 × 3 matrices in flavor space.
The only other scalar representation that allows for left-and right-handed couplings to fermions is S 1 ∈ (3, 1, 1/3). The allowed interactions are given by
where α, β, γ are SU (3) c indices, y LL,RR and z RR are generic 3 × 3 matrices in flavor space, while z LL is a symmetric 3 × 3 matrix. In principle, the interactions in Eqs. (4) and (5) are defined in the weak basis and have be rotated once we move to the mass basis after electroweak symmetry breaking (EWSB). In order to simplify this process, we choose a basis in which the up-type quark and charged-lepton Yukawa matrices are already diagonal. Explicitly, we take the SM Yukawa couplings to be
where V is the CKM matrix, ϕ the Higgs doublet and v its vacuum expectation value. This choice of basis implies that the couplings involving down-type quarks and/or neutrinos obtain additional factors of CKM and/or PMNS matrix elements when moving to the mass basis (see Sect. 3.3 for details). Instead, the interactions involving only up-type quarks and charged leptons are unaffected.
In their most general form the interactions of S 1 lead to baryon-number-violating interactions, while R 2 does not. Since the experimental limits on proton decay stringently constrain baryonnumber violation (see, e.g., Ref. [24] ), we will assume baryon number to be conserved. This assumption has no implications for the R 2 leptoquark. For S 1 this implies that either y LL = y RR = 0 or z LL = z RR = 0, and we will consider the two cases separately.
Finally, strong EDM constraints can naively be avoided by specifying that the leptoquarks only couple via one type of interaction, as all EDMs will be proportional to the combinations Im x LR x RL , Im y LL y RR , or Im z LL z RR . Such an assumption, however, can only be valid at one specific scale, since the second coupling will be generated via renormalization-group evolution due to Higgs exchange. For example, setting x ab RL (µ H ) = 0 at a certain scale µ H leads to nonzero values at a different scale µ L via (a similar relation holds for the y LL,RR couplings)
where y a and y b are the Yukawa couplings of the fermions involved in the interaction. As renormalization requires both interactions (assuming one is nonzero), one would generally expect both terms to be present with independent phases.
Matching and evolution to low energies
To assess the effects of Eqs. (4) and (5) in low-energy observables, we need to evolve the corresponding coefficients to low energies. Here we assume the leptoquarks to have masses well above the electroweak scale, m LQ v, to be consistent with LHC searches, such that their effects can be described within an EFT. To derive the low-energy Lagrangian at µ 1 GeV, we first integrate out the leptoquarks at the scale µ m LQ and match to effective CP-violating dimension-six operators that appear in the SM-EFT Lagrangian [25, 26] . The resulting operators are evolved to the electroweak scale, using renormalization-group equations (RGEs), where heavy SM fields such as weak gauge bosons, the Higgs field, and the top quark are integrated out. This induces a set of SU (3) c × U (1) em -invariant operators which we subsequently evolve down to a scale of µ 1 GeV. To connect this low-energy Lagrangian to EDM observables we have to evaluate matrix elements of these operators using nonperturbative methods at the atomic, nuclear, and QCD levels. The latter step is deferred to the next section, while we start with the matching to SM-EFT.
Matching to CP-violating dimension-six SM-EFT operators
Tree-level leptoquark exchange leads to several operators that contain CP-odd pieces:
where t a are the SU (3) c generators and a, b, c, d are generation indices. Additional operators are induced at loop level,
where we introduced 1
for later convenience and where B µν , W I µν , and G a µν are the field strength tensors of the U (1) Y , SU (2), and SU (3) c gauge groups, g , g, and g s are the corresponding gauge couplings, and τ I are the Pauli matrices. The Γ u,d,e W,B,G couplings are 3 × 3 matrices in flavor space. The first two lines of Eq. (10) represent the electroweak dipole moments, the third line contains the color dipole-moments, while CG in the fourth line is the Weinberg operator [27] . Here we will focus on the combinations of the electroweak dipole moments that give rise to the electromagnetic dipoles after electroweak symmetry breaking. To identify this combination and simplify later expressions, we introduce the following combinations of couplings:
where Q u , Q d , and Q l denote the electric charges of the corresponding fermions, y f = √ 2m f /v the Yukawa couplings, and d f ,d q are the conventional (chromo-)EDMs, defined via dimensionfive operators.
Both the S 1 and R 2 leptoquarks give rise to the semileptonic operators in Eq. (8) at tree level [19] [20] [21] 23] . At the scale µ = m LQ we obtain
Only the di-quark couplings of S 1 induce the four-quark operators in Eq. (8):
where N c = 3 is the number of colors. In the above expressions we have defined the convenient combination of parameters
This implies C
because z LL is symmetric in flavor space. Although Eqs. (14) and (13) present the matching for general flavor indices, only certain combinations will be most relevant for EDMs, namely those involving a single lepton (or down-type quark) flavor and a single up-type quark flavor. It is therefore useful to define the following combinations: The lepton-quark couplings of the two leptoquarks generate the (chromo-)EDMs via the oneloop diagrams depicted in Fig. 1 . The (chromo-)EDMs are induced in the full theory via the first four diagrams where the external photon (gluon) couples to an internal SM fermion or to the leptoquark. To match the full theory to SM-EFT we need to subtract the contribution from the fifth diagram that appears in the EFT through an insertion of C (1, 3) lequ . These loops only contribute to EDMs, while the chromo-EDMs vanish due to the color trace. After performing the matching calculation, we find at
where the dots denote contributions suppressed by (m q,l /m LQ ) 2 . In addition, there are twoloop diagrams in the full theory (left panel of Fig. 2 ) that contribute to the Weinberg operator, which were recently evaluated in Ref. [28] . We find that these contributions are canceled after subtracting the one-loop diagrams in the EFT (the right panel of Fig. 2 ):
where the dots denote higher-dimensional terms additionally suppressed by at least (v/m LQ ) 2 . Non-vanishing dimension-six contributions to the Weinberg operator will appear at lower energies when heavy quarks are integrated out [29] [30] [31] .
The above results differ from the literature in two ways. First of all, we consistently neglected contributions of dimension eight and higher as these are additionally suppressed and beyond the scope of the present EFT approach. Second, the loops in the full theory lead to contributions 1 
Note that
αβµν is the completely anti-symmetric tensor with 0123 = +1 and that this convention is opposite to that in Ref. [26] . to the fermion EDMs proportional to (m q,l /M 2 LQ ) log(m 2 q,l /M 2 LQ ) [17, 22] . These logarithms do not appear in the matching once the diagrams in the EFT are subtracted, but will be partially reintroduced when the effective operators are evolved to lower energy scales using the one-loop RGE. Importantly, this approach allows to resum these logarithms. In this way we incorporate the sizeable QCD corrections to the effective CP-violating operators that arise from evolution from M LQ to lower energies [32] .
Apart from the contributions of the lepton-quark couplings, the quark (color-)EDMs are also induced by one-loop diagrams involving the di-quark couplings of S 1 . These contributions again require a matching calculation, which leads to very similar expressions:
The di-quark couplings also induce two-loop contributions to the Weinberg operators but, as was the case for the quark-lepton interactions, these contributions only appear at dimension eight or higher.
Renormalization group equations
Having derived the effective operators at the scale µ = m LQ , we now discuss the relevant RGEs needed to evolve these operators to lower energies. This process is complicated by the presence of the various hierarchies in the problem, i.e. hierarchical masses and mixing angles, gauge couplings, and loop factors. In general all of the occurring operators undergo renormalization under QCD. 2 While this changes the coefficients in some cases sizably, it does not generally change the hierarchies in the problem. Contributions to the RGEs from weak interactions on the other hand can generate operators that enter the problem qualitatively differently. The importance of these contributions is highly flavor dependent. For instance, leptoquark interactions between light fermions only can contribute sizably already at tree-level, rendering terms generated via weak processes subleading. On the other hand, EDMs induced by leptoquark exchange between just heavy particles typically receive their leading contributions from RGE mixing. The question of the dominant low-energy contribution(s) therefore has to be evaluated on a case-by-case basis.
As the mixing pattern is rather complicated, in Fig. 3 we show a flow diagram depicting the various matching and RGE contributions to low-energy CP-odd operators arising from the R 2 leptoquark interactions. We start with the self-renormalization of the four-fermion operators, which is governed by the following RGEs [32, 34, 35] 
where
. Neglecting the running due to the top Yukawa coupling, the RGEs for the semileptonic operators are independent of the flavor indices, while those for C (1, 8) quqd in principle still depend on them [36] . However, since z LL is symmetric, the interactions of the S 1 leptoquark only contribute to the symmetric combination for which the RGE is given in Eq. (20) .
At one loop, the four-fermion operators mix into the fermion dipole operators. For large scales Λ, these contributions are expected to dominate the direct one-loop matching contributions in the last section, since they receive a logarithmic enhancement ∼ ln(Λ/µ). While this is generally confirmed numerically in our analysis, the one-loop matching contributions are important for two reasons: first of all, the logarithm is not very large when considering NP scales of one to a few TeV; consequently, we find contributions of up to 50% from the matching at a scale of 1 TeV. The second reason is specific to mediators carrying color charge, like the leptoquarks considered here: while the semileptonic operators do not mix into chromo-EDM operators at the considered order, the latter are generated nevertheless at one loop in the matching, see Fig. 1 . The chromo-EDM contributions are especially important in some cases, since they match onto the Weinberg operator without an additional fermion mass factor. Hence this matching contribution can change the phenomenology qualitatively, a fact which would be overlooked in an analysis only considering the logarithmic-enhanced RGE contributions.
The contributions from the semileptonic four-fermion operators to the lepton EDMs at one loop read
These coefficients do not run under QCD. The (chromo-)EDMs of the quarks receive contributions from the four-fermion operators as well. In addition they, as well as the Weinberg operator, evolve and mix under QCD. The RGEs for the up-type dipole operators take the following form:
Instead, for the down-type dipole moments we have
Here the CKM elements appear due to our use of C
and m d i , which are the (C)EDMs and masses of the quarks in the mass basis, while C abcd quqd were defined in the flavor basis. The combinations in Eqs. (22) and (23) are proportional to Zafter taking the matching in Eq. (14) into account.
The QCD evolution in these equations is dictated by γ which is given by [27, 29, 37, 38] 
where n f is the number of active flavors and β 0 = (11N c − 2n f )/3. Instead, the mixing of the four-fermion operators with the dipole moments is determined by γ F F,F Q [32, [39] [40] [41] :
Below the electroweak scale
Below the electroweak scale we integrate out the Higgs, W ± , and Z bosons, as well as the top quark, and rotate to the mass basis. For the four-fermion operators in Eq. (8), the only effect is the removal of operators involving the top quark from the EFT and the appearance of several CKM and PMNS elements
where we used C
, by virtue of Eq. (14) . The effective couplings of the fourquark operators are again proportional to Z ab for the terms where only a single flavor of up-type and down-type quarks appears. In addition, the neutral-current pieces of the semileptonic operators, which give rise to EDMs, have the same couplings before and after EWSB, due to our choice of flavor basis. The charged-current pieces are rotated by the CKM matrix and the PMNS matrix, U . Both the semileptonic and four-quark operators [42] follow the same RGEs as in Eq. (20) .
The form of the dipole operators is slightly altered after EWSB as well, and we obtain a contribution to the Weinberg operator. This part of the CP-odd Lagrangian can be written as
In addition, two effective gluon-electron operators are induced
While these are operators of dimension 7, they can in principle be important for the charm and beauty quarks, since the additional mass suppression is not severe compared to their sizable matrix element ∼ m N , the nucleon mass.
For the matching of the four-fermion and dipole operators we simply have
In principle the four-fermion operators involving the top quark (or other heavy fermions) also give a matching contribution to the dipole operators. However, these contributions are proportional to ln(µ/m f ) and thus vanish at the matching scale µ = m f . The Weinberg operator obtains a contribution after integrating out the top quark [29, 31] 
Similar matching conditions apply at the bottom and charm thresholds, i.e. q = c, b, t. In principle, the CGG after integrating out the heavier quark q . These interactions in turn induce the Weinberg operator after integrating out the lighter quark, q, which affects the couplings involving two heavy quarks, i.e. Z cb,tb . Here we only take into account the contributions from Z cb,tb to the Weinberg operator through the quark CEDMs. While both types of contributions appear at the two-loop level, the former is suppressed by the lighter quark mass, ∼ m q /m q , while the latter is enhanced by the inverse ratio ∼ m q /m q .
Finally, the electron-gluon interactions are induced by one-loop diagrams involving the semileptonic four-fermion operators
These contributions only appear at the charm and top thresholds, such that q = c, t here. There are some more comments in order regarding the charm quark. Ideally, one would not integrate it out, since its mass is close to the cut-off scale of Chiral Perturbation Theory of the order of 1 GeV, and instead use lattice QCD results to match to chiral low-energy constants. However, since not all required matrix elements are known, we estimate most of these contributions by integrating out the charm quark at µ = m c as indicated above. The two methods can be compared in the case of the contribution of C
S , see Eq. (39), yielding the relation σ c ≈ 2m N /27. The value obtained in a recent lattice QCD calculation [43] is compatible with this estimate. On the other hand, for the charm EDM there is no sizable contribution to any of the operators discussed above after integrating out the charm quark. Nevertheless, the nucleon EDMs are expected to be induced non-perturbatively by the charm EDM. We therefore take this contribution into account by explicitly including the charm tensor charge as discussed in the next section.
For the dipole and four-fermion operators the RGEs below µ = m t are equivalent to those discussed in section 3.2, while the C eG,eG couplings do not run under QCD. Thus, evaluating these RGEs and the matching contributions allows us to determine the couplings at low energies, µ 1 GeV. The numerical results for the Wilson coefficients of relevance to EDMs are given in Table 1 for the X lq couplings, and their origins are depicted schematically in Fig. 3 . The pattern of Y lq couplings is essentially identical because the RGEs are the same and the matching coefficients in Eqs. (13) and (17) are very similar. The only exception are the coefficients of X t in C (γ) , which differ by almost a factor of 2, due to different interference of the sizable direct matching contribution. We only show and discuss the X lq couplings in the following. Table  1 only includes semileptonic interactions involving electrons, muons, and up quarks, while the interactions involving heavier quarks and taus are integrated out. For the leptoquark couplings involving electrons the low-energy Lagrangian is dominated by C e . This is not surprising as the one-loop contributions to the lepton EDMs in Eq. (17) scale with the quark mass and do not require an insertion of the electron mass. As far as EDMs are concerned, the only low-energy difference between the X ec and X et couplings is the relative size of C eG which is significantly larger for X ec . Nevertheless, even in this case the effect of C eG is suppressed compared to C (γ) e , which will make it difficult to disentangle the electron-charm and electron-top leptoquark interactions. On the other hand, for X eu the largest contribution is the CP-violating electron-quark coupling C (1) lequ and this piece will dominate atomic and molecular EDMs [23] .
At first sight the couplings to muons show a similar pattern. The one-loop contributions to C (γ) µ , the muon EDM, are proportional to the mass of the quark running in the loop and thus grow for heavier quarks. This means that C (γ) µ is orders of magnitude larger than any other CPodd low-energy interaction for X µc and X µt , while C (γ,g) u is more important for X µu . However, in these cases the smallness of the CP-violating quark couplings can be misleading, because they contribute to hadronic and nuclear EDMs whose experimental limits are orders of magnitude stronger than the limit on the muon EDM. For example, the limit on X µc will be still dominated by hadronic EDMs, even though C (γ) µ is much larger than CG. For X µt the enhancement by the top mass is sufficiently large that the muon EDM limit provides the strongest constraint.
For couplings to the tau, the story is similar to the muonic case. The main difference is that Figure 3 : Summary of the RGE and matching contributions induced by the R 2 or S 1 leptoquark interactions (with x LR,RL → y LL,RR for the latter) to the effective CP-odd operators at lower energies, and finally to EDMs of various systems. WET stands for the weak effective theory below the electroweak scale. µ low denotes a generic scale ∼GeV; in principle, there are additional matching steps at µ b (which is negligible in this application) and µ c , discussed in the text. (8), (27) , and (28) on the X lq couplings for m LQ = 1 TeV. All low-energy couplings were evaluated at µ = 1 GeV apart from C is smaller because of the larger tau mass. In addition, the experimental limit on the tau EDM is weaker than that of the muon EDM by roughly two orders of magnitude. As such, the hadronic and nuclear EDMs tend to dominate the experimental constraints for all tau couplings. However, taking the hadronic uncertainties into account, the τ EDM yields the strongest constraint for X τ t .
Finally, the pattern of low-energy CP-odd operators for the Zcouplings is very different from that of the X lq couplings, as indicated in Table 2 . The biggest change with respect to X lq and Y lq is that neither lepton EDMs nor semileptonic four-fermion operators are generated. In general, the low-energy pattern is simple: if a and b are both light quarks (u, d) then CP-odd four-quark operators are generated at tree level and therefore in principle dominant. 3 If one quark is light and the other heavy (c,b,t), the dominant operators are the light-quark (chromo-)EDMs. If both quarks are heavy, the biggest contribution is to the Weinberg operator with smaller contributions to light-quark (chromo-)EDMs.
Matching to even lower energies
Apart from the muon and tau EDM operators none of the CP-violating operators in Eqs. (8), (27) , and (28) are measured directly. Most EDM experiments involve complex objects like nucleons, nuclei, atoms, and molecules. The challenge is to connect the operators at the partonic level to the observables measured in the laboratory. To do so, it has proven useful to first match to an effective description in terms of the low-energy degrees of freedom: pions, nucleons, leptons, and photons. This matching can be systematically performed by using (baryon) chiral perturbation theory (χPT), the low-energy EFT of QCD, extended to include CP violation [44] . (8) and (27) on the Zcouplings for m LQ = 1 TeV. All low-energy couplings were evaluated at µ = 1 GeV apart from
which was evaluated at µ = m c .
The big advantage of χPT is that observables can be calculated in perturbation theory in an expansion in q/Λ χ where q is the typical momentum scale in the observable and Λ χ 1 GeV the chiral-symmetry-breaking scale. χPT makes it possible to construct the effective hadronic interactions order by order in perturbation theory which can then be used to calculate nucleon and nuclear EDMs.
Detailed studies [11, 12, 44] show that EDMs of current experimental interest can be calculated at leading order in terms of a handful effective CP-odd interactions. The first set of operators relevant at low energies are trivial and consist of the lepton EDMs, which are given by
At this point the C (3) lluu lequ operators, relevant for the X lu and Y lu couplings, are still present in the EFT and can also contribute to the lepton EDMs. These contributions depend on an unknown hadronic matrix element, but a naive-dimensional-analysis (NDA) estimate [27, 45] 
, potentially making this the dominant contribution. Nevertheless, for = e the C (1, 3) lequ operators can contribute directly to atomic EDMs which leads to more important effects than d e , while for = µ, τ the contributions to C (γ,g) u are far more relevant. We therefore neglect any C The remaining relevant leading-order operators contain hadrons and are given by 4
in terms of the Pauli matrices τ , the electron field e, the pion triplet π, the non-relativistic nucleon doublet N = (p n) T and its mass m N , the velocity v µ , and the spin S µ (v µ = (1, 0) and S µ = (0, σ/2) in the nucleon rest frame). The dots denote additional interactions that in principle appear at leading order, such as CP-odd nucleon-nucleon interactions, but were found to lead to small contributions in explicit calculations on light nuclei [46, 47] . The coupling constants, usually called low-energy constants (LECs),ḡ 0,1 ,d 0,3 , and C (0,1)
S,P,T cannot be obtained from symmetry arguments alone and need to be fitted to data or obtained in a non-perturbative calculation, for instance via lattice QCD methods.
We begin with discussing the CP-odd pion-nucleon LECsḡ 0,1 . These interactions involve non-derivative pion couplings and are only effectively induced by CP-odd sources that violate chiral symmetry, which, in the leptoquark context are the quark chromo-EDM operators (the quark EDM operators also violate chiral symmetry but contain an explicit photon which needs to be integrated out to induceḡ 0,1 , such that the resulting contributions are suppressed by α em /π). The exact sizes ofḡ 0,1 are not well known but a QCD sum rules calculation gives [48] g 0 = (5 ± 10)(m uC
with a sizeable uncertainty. Contributions from the strange CEDM are suppressed by the small η-π mixing angle [49] , while those from the Weinberg operator and C (1, 8) quqd appear at next-tonext-to-leading order in the chiral expansion [44] .
We now turn to the EDMs of the neutron, d n =d 0 −d 1 , and proton, d p =d 0 +d 1 , which are induced by quark (color-)EDMs, the four-quark interactions, and the Weinberg operator. Because of the many contributions the expressions are lengthy,
where all coefficients should be evaluated at µ = Λ χ = 1 GeV apart from the explicit charm 4 We have written the interactions in terms of non-relativistic heavy-nucleon fields, appropriate for hadronic and nuclear studies of CP violation. The pseudoscalar and tensor semileptonic CP-violating interactions often appear in the literature as contribution, where µ = 2 GeV, and
where the second term arises from one loop diagrams involving the semileptonic operators, C
lequ , which effectively induce the up-quark EDM. 5 The contributions from the first-generation quark EDMs to d n,p are known to O(5%) from lattice calculations [50] [51] [52] [53] [54] , while the strange contribution is smaller and has a larger relative uncertainty. At µ = 1 GeV we have, 
The charm contribution is even smaller and its value consistent with zero so far [43] 
Since this contribution yields potentially the strongest limits on two of the phenomenologically important leptoquark couplings (see Sect. 5), an improved estimate of this matrix element would be very welcome. The central value of the charm tensor charge is presently comparable to the strange tensor charge which is surprising and we expect the actual matrix element to be smaller.
In what follows below we will present two types of limits on leptoquark interactions based on different ways of handling the theoretical uncertainty in the matrix element. In the 'Central' strategy we typically take the central value of the matrix elements as given in this section. The contributions from the up and down quark CEDMs have been estimated using QCD sumrule calculations [55] [56] [57] [58] . The contributions from the strange CEDM are usually considered to vanish, once a Peccei-Quinn mechanism is used to solve the strong CP problem [55] , but this has not been fully resolved [59] . Contributions from the Weinberg operator appear with large uncertainties, O(100%), based on a combination of QCD sum-rules [60] and naive-dimensionalanalysis, Lattice-QCD calculations are in progress to reduce the uncertainties [61] [62] [63] . Very little is known about the contributions of the four-quark operators and we use the NDA estimate
quqd with an O(100%) uncertainty [44] . Finally, we discuss the electron-nucleon interactions that are induced by C (1,3) lequ and C eG,eG :
The hadronic matrix elements needed for the contributions to C (0,1) S are the scalar charges of the nucleons, which are related to the nucleon sigma terms, σ πN,s , and the strong part of the nucleon mass splitting, δm N = (m n − m p ) QCD . Instead, the contributions to the C (0,1) T interactions depend on the nucleon tensor charges, g u,d
T . Finally, the contributions to C (0,1) P depend on the isoscalar and isovector axial charges, ∆ u + ∆ d and g A = ∆ u − ∆ d , respectively 6 . The relevant hadronic input for the axial charges [64] , σ πN [65] , σ s [66] and δm N [67, 68] can be summarized as
Recent lattice-QCD calculations typically find smaller values for σ πN [69] [70] [71] .
Of the hadronic CP-odd interactions in Eq. (33) only the neutron EDM is measured directly. The proton EDM could potentially be probed directly in a future electromagnetic storage ring [72] . Connecting most of the interactions in Eq. (33) to actual EDM measurements therefore requires one further step.
Contributions to nuclear, atomic, and molecular EDMs
Currently, the strongest experimental limit is set on the EDM of the 199 Hg atom. This is a diamagnetic system and therefore no large enhancement factors mitigate the Schiff screening by the electron cloud [73] . The main contributions are hence expected from the nuclear Schiff moment and semileptonic interactions. Theḡ 0,1 contributions entering the expression for the Schiff moment require complicated many-body calculations which at present cannot be performed with good theoretical control [11, [74] [75] [76] [77] , leading to large nuclear uncertainties. For the (semi-)leptonic contributions the calculations are under much better control, see Refs. [12, [78] [79] [80] [81] for recent results.
Collecting all the different contributions, we obtain [11, 12, 74, [77] [78] [79] [80] [81] [82] [83] [84] 
where C S,P and C T are effective scalar and tensor couplings. The effective scalar coupling depends on the numbers of protons (Z) and neutrons (N ),
S . While this renders C S in principle system-dependent, it turns out that the variation for the heavy systems under consideration is negligible and hence the same coefficient can be used for Hg and all paramagnetic systems discussed below [85, 86] . The same is not true for the pseudoscalar and tensor matrix elements: they are related [77] and we have C P,T = (C (n)
The contribution of C (1) lequ to C To obtain the contributions from C eG we used an U (1)A rotation to rewrite GµνG µν in terms of ∂µqγ µ γ5q andqiγ5q. The hadronization of these terms then leads to the appearance of the axial charges.
P,T . For 199 Hg we have [87] σ n = −0.3249 ± 0.0515 , σ p = 0.0031 ± 0.0118 ,
so that C P,T C (0)
P,T [86] . R 1.2 A 1/3 fm is the nuclear radius in terms of A = Z + N . The number of terms in Eq. (41) shows the necessity to measure the EDMs of as many different diamagnetic systems as possible in order to disentangle the various contributions. At present no other EDM measurement of a diamagnetic system comes close to the precision of the 199 Hg measurement. However, experimental efforts are ongoing to measure for instance the EDMs of 129 Xe [88] [89] [90] [91] , the diamagnetic molecule TlF [92, 93] , and 225 Ra (to improve the recent results in Ref. [94, 95] ), each aiming at improving existing limits by several orders of magnitude. These measurements are essential to obtain model-independent information from diamagnetic systems, even if a given measurement might not give the best limit on an individual coupling.
We include 225 Ra exemplarily for these new efforts, whose EDM limit [95] is currently about six orders of magnitude weaker than the 199 Hg limit. Nevertheless, this is an interesting system because of the octopole deformation of its nucleus which greatly enhances the contribution from the CP-odd pion-nucleon couplings. Neglecting all other (smaller) contributions we write [11, 96] 
Despite the large nuclear coefficients, the current limit is not competitive. Ongoing efforts aim to reach a sensitivity d Ra < 10 −27 e cm. The EDM in heavy paramagnetic systems is characterized by large enhancement factors for the electron EDM and the scalar electron-nucleon coupling C S . The best available limit from an atom stems from Thallium, whose EDM can be expressed as [97, 98] 
Currently, measurements of molecular systems give rise to the most stringent constraints on the electron EDM and electron-nucleon couplings, due to the huge effective inner-molecular electric field. We use [99] [100] [101] [102] [103] [104] ω YbF = (−19.6 ± 1.5)(mrad/s) d e 10 −27 e cm − (17.6 ± 2.0)(mrad/s)
ω HfF = (34.9 ± 1.4)(mrad/s) d e 10 −27 e cm + (32.0 ± 1.3)(mrad/s)
ω ThO = (120.6 ± 4.9)(mrad/s) d e 10 −27 e cm + (181.6 ± 7.3)(mrad/s)
C S is defined below Eq. (41); in that expression Z and N of the heaviest atom of the molecule should be used, yielding an approximately universal coefficient. There are various experimental efforts underway, as an illustration we use an expected improved limit on ThO. So far no experimental limits have been set on the EDMs of nuclei although advanced proposals exist to measure the EDMs of light nuclei in electromagnetic storage rings [105] . In this work we consider the impact of a direct measurement of the deuteron EDM which can be accurately expressed [47, 106] in terms of the interactions in Eq. (33): 
Constraints on leptoquark interactions
We now discuss the limits that can be set on the various CP-violating combinations of leptoquark couplings defined in Eq. (15), using the current and projected experimental EDM limits in Tables 3 and 4 . Here we also consider the proton, deuteron and radium EDMs, for which current limits do not play a role, but prospected sensitivities would lead to impressive improvements. We define a χ 2 function in the standard way
where O exp i stands for the experimentally measured value of a particular EDM (these measurements are all null-measurements at present), O th i is the theoretical expression given above, and σ i is the experimental uncertainty. In addition, we have to decide how to handle the theoretical uncertainties in the hadronic, nuclear, and atomic matrix elements that connect the EDM limits to the fundamental CP-violating couplings. In several cases, these matrix elements have large uncertainties. For instance, the coefficients linking the 199 Hg EDM to the CP-odd pion-nucleon couplings span a large range that sometimes even includes zero. In order to understand the role of these theoretical uncertainties, we adopt to two very different strategies:
• Central: This is the "optimistic" strategy where all theoretical uncertainties are neglected and we simply take the central values of all hadronic, nuclear, and atomic matrix elements. Its purpose is twofold: it shows the general sensitivity of the observable in question to a specific source and also illustrates what could be achieved with present data for future improved theory calculations of the matrix elements. This strategy correspondingly leads to rather strong constraints.
• R-fit: This is the "pessimistic" strategy, where we vary all matrix elements within their allowed theoretical ranges discussed in Sect. 4. This procedure allows for all possible cancellations between contributions depending on different matrix elements and gives the maximally conservative limit on the leptoquark couplings. Only with this strategy models can be reliably ruled out based on the available information. Given the large uncertainties in the matrix elements, their precise treatment is consequential. While some of the theoretical parameters can be argued to have a Gaussian distribution, for example the lattice values we use, and can hence be treated as Gaussian nuisance parameters, this is certainly not true for others: specifically, several of the ranges above are obtained from the spread of different available calculations. The idea here is simply to cover the full possible range for the parameter, but there is no "most likely" value for it within this range. For these cases, we therefore assume these parameters to lie within the specified range where they do not contribute to the χ 2 and minimize the total χ 2 under that assumption. This procedure is called Range-fit (R-fit) and was introduced in Ref. [121] .
In case of hadronic and diamagnetic EDMs the two strategies can lead to very different constraints, and the true constraints are expected to lie in between these two extremes. It should be stressed that relatively modest improvement on the theoretical precision of the matrix elements would essentially align the constraints obtained with the two strategies. Ref. [122] showed that theoretical control at the 50% level would cause the "Central" and "R-fit" constraints to agree within a factor of two to three.
It turns out that in many cases one particular EDM measurement dominates the constraint. In order to illustrate which EDMs are sensitive to which leptoquark interactions, we first give constraints for the individual EDM measurements assuming that a single CP-violating source dominates at the high-energy scale. In order to make the resulting limits more transparent, in Table 5 the dominant source on the hadronic level for each coupling is given. We will later discuss more global scenarios.
Constraints on individual leptoquark interactions
The limits on the combinations X lq (limits on Y lq are similar and therefore not shown) are collected in Tables 6 and 7 for the Central and R-fit strategies, respectively. Limits on Zare shown in Tables 8 and 9 10 800 Table 6 : Limits on the R 2 couplingsX lq ≡ m 2 LQ X lq from different EDM measurements. We took m LQ = 1 TeV and assumed the central values for all matrix elements. Given the uncertain nature of the charm tensor charge we also show the limits obtained with g c T → 0 in brackets, whenever this has an impact. The last three rows show the expected limits from future experiments.
will roughly decrease or increase the limits by the same amount modulo O(1) RGE factors due to the slightly different evolution from m 2 LQ to the electroweak scale. In principle, we can turn the strategy around and set a lower bound on the mass of m LQ by assuming that the dimensionless couplingsX lq andZare numbers of O (1). We show the limits on the leptoquark scale obtained in this way in Figs. 4 and 5. We stress, however, that these figures mainly serve as a way to visualize the constraints, as the limits on Λ cannot generally be interpreted as limits on m LQ . In fact, naturalness considerations suggest that the dimensionless couplings,X lq ,Ȳ lq , andZ ud , can be very small [22] . Similar small dimensionless couplings appear in models where a version of minimal flavor violation is assumed [123] .
In all tables we have removed limits that are much larger than {X lq ,Z} > (4π) 2 . Such bounds cannot be trusted since they would indicate large (non-perturbative) dimensionless couplings or m LQ 1 TeV (at which point the EFT would break down). In some cases, we nevertheless provide naive limits to see by how much the EDM must improve to set relevant constraints. We also provide constraints from potential future proton, deuteron, and radium EDM measurements using the sensitivities in Table 4 . The impact of improved limits from the other EDMs can be obtained by rescaling the entries in the Tables.
We start with by discussing constraints on theX lq combinations. For the couplings involving electrons,X eq , the relevant low-energy operators are the electron EDM and CP-odd electron-nucleon interactions, only. These are probed efficiently by the paramagnetic systems and, because of its impressive experimental limit, also by the Hg EDM. For theX eu couplings the electron-nucleon interactions are induced at tree-level and are dominant. As a result, the ThO experiment limitsX eu at the 10 −8 level in agreement with the analysis of Ref. [23] . The Hg constraint is not too far from the ThO one; interestingly the limit stems from the combination of C S and C P while the contribution from C T is about an order of magnitude smaller. This result is surprising at first, since the atomic coefficient of C T is two orders of magnitude larger than the one of C S and C P is in many cases completely neglected. This goes to show again that only the combination of the various hierarchies allows to judge the relevance of a given contribution.
ForX ec andX et the limits are dominated by the one-loop contributions to the electron EDM, which receives a relative m c,t /m e enhancement compared to the other loop contributions, leading to constraints at the 10 −8,−9 level for these couplings as well. For the Central strategy, the limits 
300 − Table 7 : Limits on the R 2 couplingsX lq ≡ m 2 LQ X lq from different EDM measurements. We took m LQ = 1 TeV and varied the matrix elements within their allowed ranges to get conservative constraints.
from Hg are only a factor of five weaker.
Moving to the R-fit limits, we see that for the paramagnetic systems the limits onX eq are barely affected. This is not surprising as the theoretical control over the atomic matrix elements is very good. Experimental progress in paramagnetic systems will therefore directly translate into stronger bounds on the respective couplings. The Hg constraints are significantly affected for theX ec andX et couplings, because the contribution from the electron EDM is poorly understood, see Eq. (41). Work is in progress to improve the associated atomic theory [124] . Once this is achieved, progress in Hg will improve the bounds for all three couplings as well for both strategies.
Turning to the muonic couplings,X µq , the picture changes drastically. The paramagnetic systems play no role as no significant contributions to the electron EDM or electron-nucleon couplings are induced. On the other hand the muon mass is still too small to induce large hadronic couplings. For theX µu coupling sizable contributions to up-quark EDM and chromo-EDM are generated and these dominate the neutron and Hg EDMs. The resulting limits are at the 10 −3,−4 level.
For theX µc the situation is rather complicated: a sizable muon EDM is induced, but since its experimental limit is relatively weak, so is the resulting constraint on the coupling. There are two-loop contributions to the Weinberg operator that are suppressed by the muon mass but still contribute sizably to the neutron and Hg EDMs. The resulting limits are at the O(1) level and given in brackets. Finally, there is a sizable contribution to the charm EDM, contributing to the nucleon EDMs, which we treat as described above, yielding a stronger constraint for the Central strategy.
In case ofX µt , the Weinberg contributions are suppressed by 1/m t and negligible at present, while at the same time the contribution to the muon EDM gets enhanced due to the large top mass. The current muon EDM limit then constrainsX µt O(1).
The uncertainties for Hg are large enough to completely remove the constraints in the R-fit approach, showing the importance of improved calculations. For the up coupling, the limit from the neutron EDM is only slightly weakened. The Weinberg contribution fromX µc worsens by a factor of five, while the contribution via the charm EDM is allowed to vanish, but can at the same time cancel the Weinberg contribution, leaving no limit in the R-fit case. As the muon EDM limit is not affected by theoretical uncertainties, its constraints do not change in the R-fit approach.
The limits on X µu,c will be improved by future experiments on hadronic systems; for instance d p and/or d D can potentially improve them by several orders of magnitude. These experimental developments should be matched by improved determinations of the corresponding matrix elements, especially for the charm EDM contribution. For X µt , the strength of the muon EDM will not be matched even by d p,D ; hadronic uncertainties are not an issue here, so experimental progress will immediately translate into improved knowledge of this coupling.
For the couplings to the τ the pattern is similar to the muon case.X τ u leads to large upquark (chromo-)EDMs, whileX τ c andX τ t both induce the Weinberg operator, together with the charm EDM in the former and the τ EDM in the latter case. The best limits in the Central approach presently come from the Hg and neutron EDM, with the τ EDM being competitive for the coupling to the top, but all existing limits are rather weak.
In the R-fit approach the limit on X τ u from the neutron EDM is mostly unaffected, while cancellations become possible for X τ c,t , again highlighting the importance of improved matrix element determinations. The τ EDM presently remains as the only and hence best limit onX τ t , although the constraint is too weak to be of significance.
Importantly, the τ EDM could be improved already with existing data, since the existing bound stems from only ∼ 30 fm −1 of Belle data. Belle II could then improve the τ -EDM by one to two orders of magnitude [118, 119] which would provide a constraint at the O(1) level. The X τ u,c couplings can be improved with future experiments on hadronic systems, with future storage-ring experiments on d p and d D potentially providing constraints at the percent level.
To summarize our results for semileptonic leptoquark couplings, the constraints on the electron couplings are, not surprisingly, by far the strongest and are dominated by paramagnetic systems. For the couplings to heavier leptons, the up-quark interactions are well constrained by the neutron EDM both in the Central and R-fit approach. The couplings to the charm are still reasonably well constrained in the Central strategy, but the hadronic and nuclear uncertainties are significant, as can be seen from R-fit limits. For the couplingsX µt andX τ t the current muon and τ EDM limits are not strong enough yet to set significant constraints, but this is Table 9 : Limits on the S 1 di-quark couplingsZ≡ m 2 LQ Zfor m LQ = 1 TeV. We varied the matrix elements within their allowed ranges.
expected to change in the near future. We note that the Hg EDM would provide a great allin-one system if hadronic, nuclear, and atomic theory could be improved, as it provides strong Central constraints on almost all leptoquark couplings. It is interesting that theX lq interactions provide a rich enough structure that essentially all different classes of EDM experiments play a role. Ongoing experimental efforts aim at improving the sensitivity by at least one order of magnitude for all couplings involved; notably, achieving the challenging goals of the proton-and deuteron-EDM experiments would improve the sensitivity for some of the couplings involving heavier leptons by several orders of magnitude.
Finally, we discuss theZlimits given in Tables 8 and 9 . As these couplings only induce hadronic EDMs, they are at present all dominated by either d n or d Hg . Couplings involving one light quark induce large contributions to up and down chromo-EDMs and are dominated by d Hg , because of the pion-exchange contributions to the atomic EDM. The other couplings mainly induce the Weinberg operator (Z cb,tb ), the strange (C)EDMs (Z ts,cs ), or the four-quark operator (Z ud ). None of these contributions generate an enhancedḡ 0,1 , so that the bounds from d n and d Hg on these couplings are comparable. In addition, Z cd,cs,cb induce the charm EDM, which has a far smaller impact than was the case for the X lq and Y lq couplings. The effect is only visible for the potential future constraint on Z cb from d D , which is due to the fact that contributions via the Weinberg operator cancels in this system.
In the R-fit approach, the limits soften significantly. For theZ ud the bounds essentially disappear because the matrix element of the CP-odd four-quark operators are poorly understood. All other couplings are still significantly constrained by d n .
Future experiments with the neutron, light nuclei and diamagnetic systems can improve the limits significantly. We note that in our projectionsZ cs ,Z cb ,Z ts andZ tb are barely limited by d Ra . To a large extent this can be explained by our theoretical ignorance. These couplings mainly induce nucleon EDMs, which do not appear in Eq. (43) because their contributions to the Ra EDM are expected to be small with respect to the pion-exchange terms. The d Ra limits in Tables 8 and 9 are therefore not reliable for couplings whereḡ 0 andḡ 1 are not induced. 
Interplay of couplings
The above analysis of EDM constraints was based on the assumption that a single combination of leptoquark interactions is dominant at the high-energy scale. This scenario, while easy to analyze, is not very realistic. In fact, in most models of leptoquarks, interactions among different quarks and leptons are generated and possibly related by a flavor symmetry. It is therefore interesting to study the complementarity of different EDM measurements by studying scenarios in which multiple CP-odd couplings are generated. Ideally, we would perform a global analysis where all possible CP-odd combinations for each leptoquark representation are considered simultaneously. Without additional input on CP violation from non-EDM measurements, such a fit would not lead to any constraints as there are more couplings than independent EDM measurements. We therefore limit ourselves to more constrained scenarios where only a few couplings are turned on simultaneously. The discussion of a more specific model motivated by the B anomalies is deferred to the next subsection. In the following, we will consider central values of the matrix elements and thus neglect the associated uncertainties.
We begin by analyzing scenarios involving electron couplingsX eU with U = {u, c, t}. Table 6 shows that constraints on these couplings are individually dominated by the ThO measurement, while limits from HfF and Hg are slightly weaker. Fig. 6 shows the region in theX eu -X ec plane that is allowed by the different EDM experiments. The ThO and HfF constraints illustrate the fact that paramagnetic systems constrain similar combinations of d e ∼ X ec,t and C S ∼X eu , see [81, 85, 125, 126] for detailed discussions. As such, the allowed regions for these two experiments overlap to a large extent. On the other hand, d Hg is sensitive to a different combination of d e and C S , and thus provides a complimentary constraint [81, 85] , leading to stringent limits on bothX eu andX ec .
Since the semileptonic CP-odd operators are all dominated byX eu , only d e is available to constrain bothX ec,t . It is therefore not possible to obtain constraints on these two couplings individually. The linear combination that is constrained is in principleX ec +m t /m cXet , however, this is changed by renormalization group effects toX eQ ≈X ec + 4.4m t /m cXet at ∼ 1 GeV. In the presence of all three coefficients, the plot remains identical with the replacementX ec →X eQ . We see no immediate way for future EDM experiments to break thisX ec -X et degeneracy. . Right panel: constraints using the expected sensitivities of prospected neutron, proton, and deuteron EDM experiments using g c T = 0. . Right panel: constraints using expected sensitivities on neutron, proton, deuteron, and τ EDM experiments using g c T = 0.
We can perform a similar analysis for the muonic couplingsX µU with U = {u, c, t}. The couplingsX µu andX µc are mainly constrained by the neutron and Hg EDMs. These EDMs depend on very similar linear combinations ofX µu andX µc , owing to the fact that the nucleon EDMs enter the Mercury constraint via the Schiff moment. This degeneracy is in principle broken by the contribution fromḡ 1 in Hg, but only weakly. Consequently, an approximate free direction emerges as depicted in the left panel of Fig. 7 , showing the constraints from d n and d Hg both for g c T = ms mc g s T and g c T = 0. This approximate degeneracy could be resolved with future experiments involving protons and/or deuterons which would improve the current limits by several orders of magnitude, and could distinguish between the two couplings, as can be seen in the right panel of Fig. 7 . Note that the dependence of d D on onlyX µu apparent in this figure is an artefact of using only the central values for the Weinberg matrix elements, which are equal in magnitude and have opposite signs. This cancellation does not take place when taking a nonzero value for the charm tensor charge into account. This would also affect the slopes of the d n,p exclusion bands in the right panel; however, the complementarity of the different systems remains intact in this scenario.
For the tau couplings,X τ U with U = {u, c, t}, theX τ u -X τ c plots look very similar to thē X µu -X µc plots in Fig. 7 . We therefore show contours in theX τ c -X τ t plane in Fig. 8 . The neutron and Hg EDMs allow for a free direction for the same reason as above, which, in principle, is removed by the current limit on the τ EDM. However, this still allows for large O(10 2 ) values of X τ t , and our analysis is not reliable for such large couplings. Future improvements would remedy this situation as shown in the right panel. In principle, the strongest constraints would arise from the storage ring experiments involving protons and deuterons. However, even in absence of these experiments, which are still on the drawing board, relevant constraints could be set by expected improvements on d n and, interestingly, by future measurements of d τ at Belle-II. A potential significant value for g c T = 0 again has a large impact. strengthens the constraints of hadronic EDMs (especially for the deuteron) and changes the combinations of X τ t and X τ c they are sensitive to. It is worthwhile to consider a scenario with only top couplings. In this case, theX et coupling is strongly constrained by the ThO experiment, while theX µt coupling is, at the moment and in the foreseeable future, only constrained by the limit on d µ . On the other hand,X τ t is constrained by d Hg , d τ and d n , but only very weakly, and in the future by d n , d τ , d p and/or d D , as can be seen from Fig. 9 . As a result, all the top couplings can in principle be constrained simultaneously.
A similar top scenario can be studied for theZcouplings. In Fig. 10 we show theZ td -Z ts plane. At present, only two EDMs are relevant, which are sufficient to constrain both couplings. The purple band, however, shows that once we also turn on Z tb a free direction emerges, which would require additional measurements to constrain. Future d p and d D experiments would both improve the limits and remove the free direction in the top sector as shown in the right panel.
The above examples show that it is not possible to single out a single EDM experiment that is most important. Depending on the couplings under consideration, essentially all EDM experiments play a role. While current limits on, for example, d µ and d τ are much weaker than limits on d n , d Hg , and d e they are still important in constraining couplings involving muons and taus.
Lepton Flavor Universality violation in B decays
The experimental hints for lepton-flavor universality (LFU) violation in B decays, most prominently reflected in the ratios R D,D * and R K,K * , have received much attention over the last few years. In trying to jointly understand both charged-current and neutral-current deviations, leptoquark models have emerged as uniquely suited mediators. As an explicit example we discuss here a recently suggested model, involving two scalar leptoquarks, which has a UV-completion based on SU (5) Grand Unified Theory [5] The dark ellipse is the combined allowed region, while the purple dashed band illustrates the allowed region when we also assume a nonzero Z tb coupling. Right panel: constraints using expected sensitivities of future proton and deuteron EDM experiments. and S 3 scalar leptoquarks, respectively. While the interactions related to S 3 do not lead to significant effects in EDMs, the R 2 leptoquark generates a rich EDM phenomenology as discussed here. Importantly, the model under consideration provides a direct link between effects in b → cτν transitions and EDMs.
We start by discussing how the R 2 couplings can accommodate the current anomalies in the R D ( * ) ratios. These LFU ratios are defined as
where = e, µ. Within the scenario of Ref. [5] , the R 2 leptoquark affects these ratios by modifying the decays to τ leptons. The required R 2 couplings take the following form in our notation:
Below the electroweak scale, corrections to b → c ν transitions are induced by the following effective Lagrangian (in terms of the flavor eigenstates of the neutrinos),
where the first term represents the SM contribution. The tensor and scalar terms are the charged-current pieces of the C (1, 3) lequ operators in Eq. (26) . The form of the R 2 couplings in Eq.
(51), together with the matching conditions in Eq. (13) , give rise to the following contributions:
The neutral-current part of the same operator includes one of the combinations of couplings that contributes to EDMs, namely
The LFU ratios can be expressed in terms of the scalar and tensor couplings in Eq. (52) as follows [127] :
where the coefficients a D ( * ) S L ,T contain phase space factors and form factor ratios and we use the numerical values derived in Ref. [127] . In the above, all couplings are to be evaluated at µ = m b , for which one has, 1.64
The averages of the experimental measurements are [128] [129] [130] [131] [132] [133] [134] [135] [136] [137] 
with a correlation of 20%, while the SM predictions are given by 7 [127]
The prediction for R D is based on lattice-QCD results for the B → D form factors [138, 139] . The form factors for R D * are taken from Ref. [140] . The resulting predictions agree within uncertainties with Refs. [140] [141] [142] [143] . Taking only the uncertainty on the experimental measurements of R D ( * ) into account, we obtain the 90% C.L. contours in Fig. 11 
with g S L (m b ) = 0 is excluded at the few σ-level. The critical point is that a combined explanation of the R D ( * ) anomalies requires a nonzero Im g S L (m b ), in agreement with Ref. [5] . Since the imaginary parts of the couplings g S L and g T are related to X τ c , they can be constrained by EDMs.
There are two relevant contributions of X τ c to EDMs: the first is a sizable contribution to the three-gluon Weinberg operator via two-loop effects (see Fig. 3 and Table 1 
where we assumed that both EDMs are dominated by the d c contribution. From these observations, one would expect next-generation d n or d Hg experiments to see a signal if this particular model accounts for the B anomalies. Further improvements of hadronic and nuclear theory would be very helpful to strengthen this conclusion. We illustrate this situation in Fig. 11 : there we show the constraints from R D ( * ) in the complex g S L plane together with the present bounds from d Hg via the Weinberg operator and the charm EDM for g c T = ms mc g s T . Additionally, for the neutron EDM, we show the current constraint using g c T = ms mc g s T and the future limit assuming an improvement by a factor of 30 over the current limit, d n < 1.0 · 10 −27 e, but with g c T = 0. This example shows that EDMs can play a role in constraining leptoquark models that explain the B anomalies, even if the latter require flavor-changing interactions that do not directly lead to EDMs. In fact, in the above examples, g S L and g T are induced at tree level while EDMs are only induced at the two-loop level and suffer from an additional suppression of V 2 cb 1.7 · 10 −3 . The fact that the EDM limits can still be relevant shows the power of EDM measurements in constraining new CP-violating physics. It would be interesting to study other leptoquark solutions to B anomalies and their EDM signature.
Conclusions
We have investigated how electric dipole moments of various systems are induced in models involving scalar leptoquarks. Depending on their gauge representation, leptoquarks can possess both left-and right-handed interactions with fermions with a relative CP-violating phase. We focused on two types of scalar leptoquarks, R 2 and S 1 , where this is the case. Other representations can also lead to EDMs but these require additional weak interactions and off-diagonal CKM elements. While EDMs induced by R 2 and S 1 leptoquarks have been studied before [17] [18] [19] [20] [21] [22] [23] , these studies focused on a subset of leptoquark interactions with light fermions. In this work, we have generalized these results by including interactions to all quarks and leptons and show that this leads to a rich EDM phenomenology and impressive constraints on CP-violating phases.
In order to avoid LHC constraints, we have assumed that potential leptoquarks are heavy with respect to the electroweak scale. We have integrated out the leptoquarks and matched to CP-violating dimension-six operators of SM-EFT. These CP-violating operators consist of electroweak and chromo-electric dipole operators, the Weinberg operator, and several four-fermion operators. The latter can be lepton-quark, and, in case of S 1 , quark-quark interactions involving all generations of quarks and leptons. We have evolved this set of operators to the electroweak scale where we integrated out the heavy SM degrees of freedom and matched to CP-odd SU (3) c × U (1) em -invariant operators (involving only 5 quark flavors). We subsequently evolved these interactions to the low-energy scales where EDM experiments take place. All CPodd operators that involve quarks or gluons require a matching to the hadronic level. We have performed this matching based on chiral perturbation theory, using up-to-date hadronic matrix elements. Finally, we use the leptonic and hadronic CP-odd interactions to evaluate EDMs of leptons, nuclei, atoms, and molecules using state-of-the art nuclear and atomic matrix elements. We stress that several hadronic and nuclear matrix elements are still poorly known and include this uncertainty in our analysis.
For leptoquark interactions involving electrons we find that all CP-phases are strongly constrained by EDM experiments involving paramagnetic atoms and polar molecules. For couplings involving electrons and light quarks such EDMs are dominated by semileptonic four-fermion interactions, while couplings among electrons and heavier quarks lead to large electron-EDM contributions. For leptoquarks in the TeV-range, this leads to constraints on the imaginary parts of the relevant couplings at the 10 −8,−9 level. Similar conclusions were recently reached in Ref. [23] .
For interactions involving muons and taus the situation is more complicated. Depending on the combination of leptoquark couplings and the statistical treatment, any of the experimental limits on the neutron, Hg, or lepton EDMs can lead to the strongest constraint. In general, we conclude that leptoquark interactions involving second-and third-generation leptons lead to a very distinct pattern of EDMs compared to interactions involving electrons. For the CPodd quark-quark interactions that appear in S 1 models the only relevant constraints arise from the neutron and Hg EDM limits. Here d Hg gives the most stringent limits in the cases where large pion-nucleon interactions are induced (namely, for Z us , Z ub , Z td , and Z cd ). Instead the d n and d Hg limits are comparable for the remaining couplings as they do not generate enhanced pion-nucleon interactions.
All limits for a single CP-violating coupling are given in Tables 6-9 . These Tables also show how future EDM experiments involving different nuclear and atomic systems would affect our conclusions. In Sect. 5.2 we have investigated more realistic scenarios involving more than one nonzero CP-odd interaction, which exemplify the complementarity of different (future) EDM experiments. An important conclusion of our work is that all classes of EDM experiments (lepton, nucleon, nuclear, diamagnetic and paramagnetic) play a role in limiting the various leptoquark interactions, motivating experimental and theoretical improvements on all fronts.
To show potential applications of this work, we have applied our framework to a recent model of leptoquarks motivated by the anomalies in B flavor experiments [5] . Resolving these anomalies using leptoquarks generally requires interactions between second-and third-generation quarks and leptons. If these interactions allow for CP-violating phases, as is the case in Ref. [5] , they can lead to EDMs. Using the results obtained here, we set limits on the complex couplings appearing in this model. We find that this scenario remains consistent with current EDM experiments given the large theoretical uncertainties specifically in g c T , but predicts a signal in the next generation of neutron EDM experiments. This example shows that EDMs can play an important role in the study of leptoquark models.
